Moiré patterns are periodic superlattice structures that appear when two crystals with a minor lattice mismatch are superimposed. A prominent recent example is that of monolayer graphene placed on a crystal of hexagonal boron nitride. As a result of the moiré pattern superlattice created by this stacking, the electronic band structure of graphene is radically altered, acquiring satellite sub-Dirac cones at the superlattice zone boundaries. To probe the dynamical response of the moiré graphene, we use infrared (IR) nano-imaging to explore propagation of surface plasmons, collective oscillations of electrons coupled to IR light. We show that interband transitions associated with the superlattice mini-bands in concert with free electrons in the Dirac bands produce two additive contributions to composite IR plasmons in graphene moiré superstructures. This novel form of collective modes is likely to be generic to other forms of moiré-forming superlattices, including van der Waals heterostructures.
T he interaction of the nearly matching hexagonal lattices of graphene and hexagonal boron nitride (hBN) results in a quasiperiodic moiré superlattice [1] [2] [3] . The consequences are marked: a new set of superlattice Dirac mini-bands emerges in graphene/hBN heterostructures, leading to a rich variety of interesting effects [4] [5] [6] [7] [8] [9] [10] . Evidence for the superlattice mini-bands is found in both spectroscopic and transport measurements 1, 6, [11] [12] [13] [14] . The optical conductivity 4, 15 and the plasmon dispersion 15 in moiré graphene have been investigated theoretically. An intriguing prediction 15 is that an additional low-frequency plasmon branch may exist in a range of Fermi energies where the partially gapped mini-bands contain small pockets of carriers that are split off from the Dirac bands. However, no experimental study of plasmonic phenomena in moiré-patterned graphene (MPG) has yet been reported. The quest to fully examine these phenomena is exacerbated by the small (sub-µm 2 ) area of typical superlattice domains that often occur in the immediate proximity of plain graphene (Fig. 1 ). To alleviate this problem, we made use of the propagating surface plasmon polariton waves launched in the setting of scattering-type scanning near-field optical microscopy (s-SNOM) measurements, thereby enabling experimental access to the electronic band structure and electron-hole excitations of the nanoscale moiré-patterned domains in graphene. Our analysis of plasmonic real-space fringes reveals that bound electrons in the superlattice mini-bands create novel collective characteristics in moiré graphene.
We have carried out nano-IR imaging of Dirac plasmons at UCSD by means of the s-SNOM apparatus ( Fig. 1a ; see Methods). In this instrument a metallized tip (antenna) of an atomic force microscope (AFM) with curvature radius ∼25 nm was illuminated by IR light, generating strong enhancement of the electric field underneath the tip. This antenna-based nano-IR set-up circumvents the momentum mismatch between light and surface plasmons in graphene 16 , allowing us to launch plasmonic waves of wavelength λ p . These waves propagate radially outwards from the tip and form plasmon fringes with a period of λ p /2 owing to the interference between tip-launched and edge-reflected plasmon waves 16, 17 . Together, the wavelength of the plasmonic fringes, the rate at which plasmonic oscillations decay in the interior of the sample, and the amplitude of the overall nano-IR scattering signal contain complete information on the complex conductivity of the graphene layer at the frequency of the IR probe beam ω. Our graphene microcrystals were grown by means of catalystfree epitaxial synthesis on top of hBN/quartz [18] [19] [20] (see Methods). The key advantage of this synthesis approach over the commonly used dry transfer method 1, [11] [12] [13] [14] is that graphene microcrystals can be naturally aligned with respect to the hBN lattice, forming MPG with a wavelength λ µ ∼ 14 nm (Fig. 1b,c) . Moreover, our approach yields high-quality graphene flakes free of the polymer residuals, bubbles or wrinkles that often plague structures fabricated using alternative methods.
In Fig. 1d , we show typical nano-IR imaging data. Here we plot raster-scanned images of the normalized back scattering amplitude signal s(ω) at a selected IR frequency ω = 890 cm −1 . The MPG regions are directly adjacent to plain (free of superlattice effects) graphene: a virtue that has allowed us to examine the impact of the moiré superlattice in the same microcrystal. These two adjacent regions of a single microcrystal share an identical environment, assuring that the carrier density (n) due to the unintentional doping is uniform through the entire microcrystal 21, 22 . The most prominent aspect of the images in Fig. 1d is that the magnitude of the scattering amplitude in MPG regions is enhanced relative to plain graphene (Fig. 1e) . Furthermore, every boundary of the sample in Fig. 1d prompts periodic oscillations of the nano-IR signal. These oscillations are signatures of plasmonic reflections that occur at sample edges and at the borders of regions with different complex conductivity σ (ω) = σ 1 (ω) + iσ 2 (ω) (ref. 23) . Therefore, the observed plasmonic reflections are consistent with the notion of dissimilar values of σ (ω) in MPG and plain graphene.
The nano-IR data in Fig. 1d give a rich insight into the electronic processes in moiré superlattices that ultimately govern plasmon propagation and reflection in this system. It is therefore instructive to closely examine the line-profiles along the direction normal to the sample edges of both MPG and plain graphene for samples with a range of carrier concentrations. In Fig. 2 we show traces obtained by averaging 10 2 such line-profiles from each sample. These data capture the salient trends in the evolution of the plasmonic response, both in the MPG and plain graphene regions, with variation of the carrier density. Even though our structures are not gate-tunable, by exploring a large number of samples with different levels of unintentional doping, we were able to grasp the pertinent effects of carrier density variation. The half-wavelength of the plasmons in Fig. 2 can be approximately determined from the full-width at half-maximum of the dominant fringe; this protocol is validated through numerical modelling, which captures the gross features of the plasmonic line-profiles (see Supplementary Information). This analysis revealed that plasmons in the MPG and plain graphene regions in the same microcrystal are of similar wavelengths. The data series in Fig. 2 shows that the plasmon wavelength for plain graphene varies between approximately 50 nm and 220 nm. The plasmon wavelength is given by λ p = 2π/q 1 , where q 1 is the real part of the complex plasmon wavenumber q p = q 1 + iq 2 . The latter is related to the complex conductivity σ (ω) of graphene via 16 :
where the effective permittivity of the substrate sub is the geometric mean of the in-and out-of-plane permittivities 24 . In plain graphene we can approximate σ (ω) using the common Drude model,
which has two parameters: Drude weight D and relaxation time τ . Combining equations (1) and (2), one finds the well-known linear scaling between λ p and the Fermi energy E F :
On the basis of equation (3), we conclude that the variation of the carrier density for data in Fig. 2a -f is from n = 8 × 10 11 cm
to n = 8.5 × 10 12 cm −2 . For the plain graphene, the gross trends in Fig. 2 repeat the behaviour of gated structures 16, 17, 25 . At all carrier densities, the dominant fringe (closest to the sample edge) is present, with additional higher-order fringes appearing in the profiles, corresponding to higher carrier densities. For the smallest and largest carrier densities (Fig. 2a,f) , both the MPG regions and plain graphene show nearly matching line-profiles. In contrast to plain graphene, in the intermediate doping regime, the line-profiles for MPG areas do not reveal additional, weaker fringes (panels in Fig. 2c-e) . Instead, in this regime, MPG samples show an overall increase of the scattering amplitude in the interior of the samples, without additional fringe structure.
We now proceed to quantitatively analyse the trends seen in MPG and plain graphene. First, we will extract the complex conductivity of graphene from the raw line-profile data (symbols in Fig. 3a,b) . Then we will compare these results with the conductivity calculated theoretically for plain and moiré superlattice graphene. The line-profiles in Fig. 2 are uniquely determined by the complex momentum of the plasmon q p , which, according to equation (1), is directly related to the conductivity of graphene. In Fig. 3a,b we show the conductivity extracted from fitting of plasmonic line-profiles (see Supplementary Information). In the case of plain graphene, the conductivity and the magnitude of E F are expected to be linearly related according to equation (2) . This dependence is obeyed in our plain graphene samples (Fig. 3a) . As for the MPG, the connection between the conductivity and the Fermi energy must be evaluated numerically (Supplementary Information). In contrast to the linear change seen in plain graphene, a nonlinear variation of the real part of the conductivity σ 1 (ω = 890 cm −1 ) with E F in MPG can be seen in Fig. 3b . Another quantity of interest is the damping factor γ p ∼ σ 1 /σ 2 (Fig. 3c) . In plain graphene the magnitude of γ p is nearly independent of E F , whereas in MPG we observe a non-monotonic variation of damping with E F , with a broad maximum at E F ∼ 0.2 eV.
We wish to point out that in addition to the damping caused by the inter-mini-band transitions specific to the superlattice (see below), loss mechanisms present in plain graphene (impurities, electron-electron, electron-phonon interaction) are most certainly present in MPG. Such contributions are likely to be additive, at least, when each of them is weak. Recent calculations of plasmon damping due to electron scattering by impurities 26 , other electrons 27 and acoustic phonons 24, 25 identified the latter as the dominant dissipation mechanism in high-mobility graphene at ambient. These calculations predict that the relaxation rate, τ −1 (ω), varies with frequency, which explains why using the transport time from the d.c. conductivity underestimates the plasmon damping at mid-IR frequencies 25 . Our model of plasmon damping, which uses an adjustable and ω-independent parameter τ , is still oversimplified. As moiré graphene is a much more complicated system than plain graphene, a diagrammatic calculation of electron-phonon The open triangles for E F ∼ 0.1 eV data points signify a larger uncertainty of fitting at low carrier density. The red and black dashed lines are the modelling results of the plasmon damping rate for both MPG and plain graphene, respectively. The error bars represent the 95% confidence intervals. scattering 24 is challenging. However imperfect our modelling approach is, it does highlight stark distinctions in the plasmon damping between plain graphene and MPG.
To determine the origin of the measured variation of the complex conductivity of MPG, we consider optical transitions (Fig. 4b,c) enabled by the moiré superlattices, which we computed following 
Figure 4 | Electronic band structure and the optical conductivity of graphene moiré superlattices. a, 3D representation of the electronic band structure of MPG obtained from the phenomenological model as described in the Supplementary Information. The impact of the superlattice modulation is more prominent for the hole side than for the electron side. b,c, Band structure for MPG presented in the superlattice zone scheme for two di erent positions of the Fermi level. b, For a magnitude of the E F smaller than E µ , the moiré potential causes additional optical transitions once the carrier density n min ∼ 6.3 × 10 11 cm −2 is reached. c, For a magnitude of E F larger than E µ one finds multiple additional channels for optical transitions, all initiated by the moiré potential. These transitions enhance the conductivity and also yield an interband contribution to the plasmonic wavelength in addition to intraband contribution due to the Dirac cones at the γ points. d, Theoretical conductivity spectra σ 1 (ω) calculated for MPG at di erent values of E F in the low-temperature conditions. The dashed green curve represents σ 1 (ω) for plain graphene at E F = −210 meV for comparison. Inset shows the product of previous studies 3, 4, 6, 15 , as detailed in Supplementary Section III. The moiré potential introduces several important energy scales, such as E µ = g ν F /2 ≈ 170 meV, where ν F is the Fermi velocity of plain graphene and g = 2π/λ µ is the superlattice momentum. This energy scale is roughly equal to the electron energy at the µ-points of the mini Brillouin zone (Fig. 4a-c) . It defines characteristic features of the particle-hole excitations of MPG that can be recognized in the spectra of the optical conductivity (Fig. 4d,e) . Specifically, at ω = 2E µ , the σ 1 (ω) spectra acquire a weak structure owing to transitions between the µ-points of the conduction and valence bands 6 . Furthermore, in doped (or gated) MPG specimens, the relationship between E µ and E F defines characteristic attributes of the optical conductivity in the following three regimes: In weakly doped MPG (|E F | E µ ), the conductivity is dominated by the low-energy regions of the electron spectra, preserving their Dirac-like character even in the superlattice samples. For simplicity, we assumed here that MPG is incommensurate and has no gap at the Dirac point 6, 10, 12 . In this regime, the dominant feature of the conductivity spectra is the onset of transitions between the two linearly dispersing mini-bands (the blue bands in Fig. 4a-c) . This step-like onset is seen at ω = 1,100 cm −1 in the red trace of Fig. 4d (E F = −70 meV) and as the sharp change near the diagonal of the false colour conductivity map in Fig. 4e , where ω = 2E F . The interband spectral weight missing below 2E F reappears in the intraband transitions (Drude peak) at ω = 0 (refs 28,29) . Apart from the weak features at 2E µ , the conductivities of the plain and weakly doped MPG almost coincide. Accordingly, imaging data in Fig. 2a reveal nearly identical plasmonic patterns.
As doping increases and the magnitude of E F approaches E µ , transitions involving another pair of mini-bands (the blue and either the green or the red valence bands in Fig. 4a-c ) become significant. The details of the mini-band absorption depend on the assumptions for the potentials describing the interaction of graphene with hBN. One possible outcome is the formation of gapless mini-bands with replicas of Dirac cones. Alternatively, some or all of mini-bands may acquire the energy gaps (Fig. 4b,c) : a scenario that most accurately reproduces the totality of experimental data in Figs 2 and 3 , as will be detailed below. Within this latter scenario, the transitions along γ-µ and along γ-κ and γ-κ produce threshold features at ω min ≈ 2E µ − 2E F (Fig. 4b) and ω ≈ [(
− |E F |, respectively. These transitions prompt a pair of the descending diagonal lines in Fig. 4e . Along the µ-κ path, the dispersions of the green and blue valence bands are almost parallel (nested), being separated by ∆ µ-κ ≈ 380 cm −1 , as indicated in Fig. 4c . Such a nesting is responsible for the strong resonance at ω ≈ ∆ µ-κ in the conductivity spectra when E F falls within ∼∆ µ-κ from −E µ (the blue trace in Fig. 4d and the leftmost 'hot region' in Fig. 4e) . The ∆ µ-κ -resonance is directly relevant to the plasmonic imaging data in Fig. 2b-d because its influence remains appreciable at our probing frequency of 890 cm −1 . This resonance both enhances the overall contrast due to MPG and suppresses weaker (higher-order) plasmonic fringes in these data. At higher E F two other interband resonances appear (the magenta trace in Fig. 4d and the other two 'hot regions' in Fig. 4e ). These are due to the approximate nesting of the green and red valence bands along the γ-κ (∆ γ-κ ≈ 200 cm −1 ) and γ-κ (∆ γ-κ ≈ 690 cm −1 ) paths in Fig. 4c . (For the chosen simulation parameters the magnitudes of ∆ µ-κ , ∆ γ-κ and ∆ γ-κ already deviate by ∼20% from the lowest-order perturbative formulae 3 .) Overall, the gapped mini-band contribution to σ 1 (ω) spectra at the frequency of our plasmonic probe is peaked at the doping level corresponding to E F ∼ 0.2 eV and is slightly reduced at higher doping. In contrast, gapless mini-bands lead to a monotonic variation of the conductivity with E F (see Supplementary Information). We therefore conclude that a model of gapped minibands is fully consistent with the findings of plasmonic imaging.
To describe the caveats of the measured plasmon wavelength in MPG at appreciable doping levels |E F | > E µ , we now turn to the analysis of the product σ 2 (ω)ω. These spectra help to illustrate the redistribution of the spectral weight between inter-and intra-miniband transitions in MPG. In the limit of ω → 0 this product yields 30 the spectral weight of a narrow Drude peak σ 2 (ω)ω ≈ D, that in the case of plain graphene is given by equation (2) . As expected, in plain graphene the product σ 2 (ω)ω is approximately constant in the range τ −1 ω 2E F (Fig. 4d, inset) . However, in MPG the low-frequency behaviour of σ 2 (ω)ω is more complicated because of additional inter-mini-band transitions. At τ 1 ω min(∆ µ-κ , ∆ γ-κ , ∆ γ-κ ), the product σ 2 (ω)ω yields the intra-mini-band part of the spectral weight. As exemplified by the spectrum for E F = −210 meV, the magnitude of this Drude-like weight is reduced 15 compared to that of the plain graphene of the same Fermi energy, equation (2) . As frequency increases, the product σ 2 (ω)ω reveals a minimum in the vicinity of ω = 580 cm −1 , and thereafter plateaus at the same level as in the plain graphene (see the dashed curve in Fig. 4d, inset) . The net result is that the magnitude of σ 2 (ω) at frequencies far above the inter-mini-band resonances, ω ∆ = max(∆ µ-κ , ∆ γ-κ , ∆ γ-κ ), is the same in plain graphene and MPG, as demanded by the oscillator strength sum rule 31, 32 . Hence, we arrive at the notion of a composite plasmon in moiré superlattices originating from the two additive contributions: the usual Drude channel (that is, of the ungapped portion of the Fermi surface) and the interband channel associated with the superlattice mini-bands (the gapped portion of the Fermi surface). In our data collected at ambient, the differences of response of plain graphene and MPG is masked by finite temperature effects, as T = 300 K corresponds to approximately ∆/3. We anticipate more prominent near-field contrast and stronger plasmonic reflections at the boundary of plain and moiré graphene at lower T and/or lower frequencies ω < ∆ (see below and Supplementary Information).
We now wish to outline some implications of our work and some problems for future study. First, we have shown that the interface of plain graphene and MPG acts as a plasmonic reflector with a doping-dependent reflection coefficient (Supplementary Information). This implies that plasmonic reflectors formed at the boundary between MPG and plain graphene can also be tuned with the single gate voltage applied to the entire structure, which may be advantageous for implementation of graphene plasmonic circuits 33 . These tunable metasurfaces are a prerequisite for the implementation of transformation plasmonics 34 , which offers the capability to control plasmonic fields at will and allow novel functionalities that were not previously attainable (Supplementary Information). Second, a more complete experimental picture of the electromagnetic response of the moiré graphene may be obtained by extending our approach to terahertz and far-IR regions where the composite plasmon is predicted to generate an additional lowenergy plasmon branch (see ref. 15 and Supplementary Fig. 7) . The recent development of alternative broadband light sources, such as synchrotron light or free-electron lasers, opens the door towards nano-imaging experiments at far-IR frequencies [35] [36] [37] [38] [39] [40] . Finally, in our model, graphene is assumed to be perfectly rigid and incommensurate with the hBN. It will be worthwhile investigating if plasmonic spectroscopy can reveal subtle topological effects that arise from deformation of the graphene lattice and the induced lattice commensurability 12 .
Methods
Methods and any associated references are available in the online version of the paper.
